[1] A comprehensive hydrogeological investigation regarding the influence of variations in local and regional water mass on superconducting gravity measurements is presented for observations taken near the geodynamic station of Membach, Belgium. Applying a regional water storage model, the gravity contribution due to the elastic deformation of the Earth was derived. In addition, the Newtonian gravity effect induced by the local water mass variations was calculated, using soil moisture observations taken at the ground surface (about 48 m above the gravimeters). The computation of the gravimetric effect is based on a digital elevation model with spatially discretized rectangular prisms. The obtained results are compared with the observations of a superconducting gravimeter (SG). We find that the seasonal variations can be reasonably well predicted with the regional water storage model and the local Newtonian effects. Shorter-period effects depend on the local changes in hydrology. This result shows the sensitivity of SG observations to very local water storage changes. 
Introduction
[2] Stable gravity observations over long periods can be a useful tool for understanding geodynamic changes related to Earth structure [Hinderer and Crossley, 2000] , tectonics [Francis et al., 2004] , postglacial rebound [Williams et al., 2001; Lambert et al., 2001] and natural as well as anthropogenic subsidence [Zerbini et al., 2001 [Zerbini et al., , 2005 . However, gravity is also affected by changes in environmental surface mass. To obtain a reliable estimate of the geodynamic signal, corrections for environmental mass changes are routinely applied to the gravity time series. In the past, the focus was on the effects of atmospheric mass movements; for an excellent review of this problem please refer to Spratt [1982] , Merriam [1992] , and Boy et al. [2002] , who applied routine corrections to continuous superconducting gravimeter time series.
[3] The influence of regional and local water storage variations on gravity is more difficult to model. In contrast to the atmosphere, where mass variations are mostly characterized by long wavelengths (>500 km) [Merriam, 1992; Neumeyer et al., 2004] , changes from small changes in water storage over very short wavelengths (<10 km) can have a large and immediate impact on gravity observations. Numerous investigations have been undertaken to address the effects of local water storage variations on gravity observations. Studies about the influences of local precipitation, soil moisture and groundwater are given by Mäkinen and Tattari [1990] , Crossley and Xu [1998] , Bower and Courtier [1998] , Peter et al. [1995] , Kroner [2001] , Kroner and Jahr [2006] , Lambert and Beaumont [1977] , Llubes et al. [2004] , Hasan et al. [2006] , Imanishi et al. [2006] , and Abe et al. [2006] . The results indicate that the relationship between local gravity variations and water storage depends on very local geologic and hydrologic conditions, e.g., rock porosity, vegetation, evaporation, and runoff rates.
[4] More recently, the relationship between regional longerperiod water storage signals, have also been investigated over distances of several 100 km [van Dam et al., 2001; Crossley et al., 2005] . While a large part of the observed seasonal gravity change can be attributed to long-wavelength changes in water storage, the variability in amplitude and phase of the seasonal signal from superconducting gravimeters in Europe, indicates the importance of a significant local component as well [Boy and Hinderer, 2006; Neumeyer et al., 2006] .
[5] The aim of this paper is to improve our understanding of the dependence of gravity on extremely local changes in soil moisture around the geodynamic station in Membach, Belgium. Francis et al. [2004] investigated this issue when they compared seasonal and shorter-term gravity changes at this location with predicted gravity changes from (1) modeled water storage effects (1°Â 1°spatial resolution and monthly temporal resolution [see van Dam et al., 2001] ), (2) volume changes in two surface water reservoirs located at 3 and 6 km, respectively, from the gravity site, and (3) local rainfall. They found that the annual to monthly variations in gravity tracked the reservoir changes well, but that gravity changes with higher frequencies could only be explained by local rainfall events (see Francis et al.'s Figure 4) . With respect to the water storage model, Francis et al. [2004] focused on the annual signal and found that the amplitude of the gravity changes predicted from the model was very comparable to the observed ones in the SG gravity data, but that study did not analyze the result further. On the other hand the authors could not retrieve a reliable relationship between the water level in the reservoirs and the observed changes in gravity. They concluded that the installation of monitoring probes above the gravimeter would help to constrain a relationship between the local water saturation in the ground and gravity change.
[6] We extend the work of Francis et al. [2004] by including observations of soil moisture collected above the superconducting gravimeter (SG). Using the inferred water content and a digital elevation model (DEM) spatially discretized into rectangular prisms, the Newtonian mass effect on gravity is estimated. We find that with an improved understanding of the hydrological effects in Membach, we are able to reduce significantly the short-period scatter changes in gravity time series due to rainfall events, as well as the seasonal variations. The removal of seasonal and higher frequency effects from the gravity signal improves our ability to monitor long-term gravity changes induced by tectonics and postglacial rebound in the region.
Geophysical Station of Membach
[7] The Membach geophysical station is located in the eastern part of Belgium. The station houses an accelerometer, short-period and broadband seismometers and the superconducting gravimeter, C021. The SG is installed at the end of a 130 m long tunnel excavated in low-porosity argillaceous sandstone. The gravity sensor is 48.5 m below the surface, which is covered by primarily a deciduous forest canopy. Continuous observations have been taken since August 1995.
[8] The fundamental component of a SG consists of a hollow superconducting sphere that levitates in a persistent magnetic field [Goodkind, 1999] . An incremental change in gravity induces a vertical displacement of the sphere. A feedback voltage is induced to keep the sphere at a zero position. This feedback voltage is proportional to the gravity change. The SG provides relative gravity measurements and the most common mode of operation is continuously at a fixed location.
[9] Basic processing of the SG data includes editing and correcting for steps, spikes and other instrumental disturbances (e.g., helium fills). The Earth tides, ocean loading and polar motion effects are subsequently removed. The Newtonian and loading atmospheric influences are corrected by using a linear admittance factor of À3.3 mGal/ hPa (for details on the corrections, see Francis et al.
[2004]). The weak SG instrumental drift is controlled using the absolute gravimeter (AG) FG5 202. Unlike the SG, the AG is mobile and measures the gravity at the station many times per year [Van Camp and Francis, 2006] . Being a relative meter, the SG C021 is calibrated using the AG. The AG is also used to remove the secular tectonic trend from the data [Van Camp et al., 2005] .
[10] Figure 1a shows the SG time series from Membach. First, we observe a possible long-period (order of 20 years) oscillation in the data, possibly due to hydrological effects. Indeed, such a long-period signal can also be observed in the predicted gravity effect calculated using water storage estimate as well as in the reservoir capacities (Figures 1b  and 2a , see sections 3 and 4 for details). However, this is to be confirmed when longer time series are available and since we are primarily concerned with seasonal and shorterperiod responses to water storage, our results will not be affected by removing this signal. Therefore we fit and removed a sinusoid with a period of 20 years to the SG data (red line in Figure 1a ).
[11] Since June 2003 rainfall has been measured in situ with a tipping bucket type rain gauge (Lufft 8353.01). The tipping is counted and integrated in the data logging system at a minute interval, the resolution is 0.1 mm and the calibration is controlled at least yearly. Before 2003 rainfall data were provided by daily measurements taken at the Gileppe dam, 3 km away from the Membach station.
[ Scientific, 2002] were installed in the shallow partially saturated soil, 48 m above the station. These probes observe soil moisture changes once an hour at 30, 45, 50 and 60 cm below soil surface. The CS616 sensors are time domain soil reflectometers (TDR) that measure the apparent dielectric constant of soil. The sensor consists of two stainless steel rods connected to a multivibrator. The rods act as a waveguide. An electromagnetic pulse travels the length of the probe rods and is reflected from the probe ends traveling back to the probe head. The reflection is detected and a new pulse is triggered. The pulsing frequency in free air is about 70 MHz; however, the velocity of the pulse is dependent on the dielectric permittivity of the material surrounding the rods. The dielectric number at a frequency of 1 MHz to 1 GHz is about 1 for air, 3-4 for major soil minerals and 80 for water because the polarization of water molecules takes time. Thus the dielectric number of soil is highly dependent on the volumetric water content (volume of water per volume of soil) in the unsaturated zone, and consequently, the frequency. A data logger measures the probe output period, which is empirically related to volumetric water content using a calibration equation. The resolution of the probes is 0.1% volumetric water content.
[13] Because of the temperature sensitivity of the probes, negative temperature coefficient (NTC) thermistors are installed at the same position of each probe and NTC data are used to apply a temperature correction on measured soil moisture data.
Regional Water Storage Effects on Gravity
[14] The residuals from the 20-year cycle are shown in Figure 1b . We observe a very strong annual signal in the gravity data, which peaks in the late summer/early fall. Francis et al. [2004] found that the amplitude of the gravity changes predicted from a regional water storage model, were of the same order of magnitude as the annual signal in the gravity data. The predicted gravity effect calculated using water storage estimates from the Milly and Shmakin [2002] Euphrates Land-Energy balance model (1 deg Â 1 deg; monthly) is also shown in Figure 1b . The predicted gravity contribution has been broken up into its two components: the gravity change arising from the elastic deformation of the Earth (red line), and the change arising from the mass attraction (blue line if the Newtonian component is computed assuming the gravimeter is below the load, green line if above).
[15] For both components, we observe that the predicted gravity effects are far from perfect. In fact, the gravity model completely misses the gravity low in the summer of 2000. We also observe that the change in gravity due to the elastic deformation, tracks the phase of the observed changes in gravity better than the Newtonian attraction component. This result derives from the fact that the elastic gravity effect is driven by long-wavelength loads, which are accurately represented the water storage model. We find that we are able to reduce the scatter in the gravity residuals from 15.5 to 13.9 nm s À2 using the predicted elastic gravity effect. The residuals are shown in Figure 1c .
[16] An annual signal persists in the SG observations, which have been corrected for the regional deformation due to the water storage load. In addition to the seasonal signal, significant short-period variability also exists in the time series. Using the regional water storage model described above, we compute the Newtonian component of gravity. When we remove the mass model effect from the observations, the scatter on the gravity increases from 15.4 to 20.8 nm s
À2
. This is even worse if one considers that the SG is above the load (green line on Figure 1b ). The correlation between local hydrological changes (e.g., soil moisture, well data and rainfall) and gravity indicates that the Newtonian mass component should be determined using local mass change data, which is in accordance with the 
Reservoir Level Changes and Rainfall Effects on Gravity
[17] Francis et al. [2004] found that a decrease of 1 m in water level in the nearby reservoirs correlated with a 2.3 nm s À2 increase in gravity using only 5 years of data. Using the current 9 year data set, we find that the regression between gravity and water level is À2.2 and À2.6 nm s À2 m
À3
for the Gileppe and Vesdre reservoirs located at a distance of 3 and 6 km from the SG, respectively (Figure 2a) . The correlation between the gravity and the water level in both dams is on the order of À0.6. This good correlation is not due to the direct influence of the mass of the water in the dams. However, the capacities are related to the rainfall, surface runoff and stream flow. When we scale the gravity by the regression factor, we find that the scatter on the SG data decreases from 15.5 nm s À2 to 12.8 and 12.6 nm s À2 for the Gileppe and Vesdre reservoirs. Correcting the gravity data using levels in the dams reduces the amplitude of the seasonal signal in the SG data from 9.2 nm s À2 to 4.7 and 3.2 nm s À2 for the Gileppe and Vesdre reservoirs (Figure 2b ). [18] As with the reservoir data, the effect of rainfall on the SG data was also addressed by Francis et al. [2004] , who found a good correlation, 0.46, between gravity and rainfall. Using a 9 year data set of daily rainfall (versus the 5 years of Francis et al. [2004] ) we find that we are able to reduce the scatter on the AG time series from 13.7 nm s À2 to between 11.8 and 12.0 nm s À2 depending on our choice of recharge and discharge constants. However, this method is unable to model the seasonal variations (the rainfall around Membach is uniformly spread over the entire year).
[19] The reservoir capacities provide only a qualitative view on the ongoing hydrological processes. Moreover the discharges depend on human factors such as river flow regulation or water consumption, and dams can be saturated (e.g., spring 1997 on Figure 2a ). To quantify the physical phenomena based on actual facts and measurements, we have undertaken hydrogeological investigations around the gravity station.
Soil Moisture Effects on Gravity

Hydrogeological Investigations
[20] Geological investigations showed that there is no aquifer near the station. The effective porosity for groundwater of the argillaceous sandstone is only the fissured porosity estimated to $1%, on the basis of laboratory seismic experiments in similar fissured rocks in the Belgian Ardenne. The saturated hydraulic conductivity is very weak, between 10 À11 and 10 À8 m s À1 [Fetter, 2001] . As a consequence, attempts to establish water catchments in the vicinity of the station were abandoned and drinking water is only provided by two dammed reservoirs of surface water around Membach [Francis et al., 2004] . We have observed a nearly instantaneous response of gravity to rainfall (from 5 nm s À2 in 120 min to 40 nm s À2 in 120 hours). The low hydraulic conductivity cannot explain the nearly instantaneous response of gravity to rainfall. The cause is rather the porous weathered layer of rock covering the bedrock where the SG is installed.
Local Petrology
[21] To determine the thickness of this weathered layer, we first performed four electrical tomography profiles in front of and above the Membach station on 6 -8 May 2002 (Figure 3) . Results are on Figure 4 for lines 1 and 4. The profiles were measured with the Abem Terrameter SAS 1000 and electrode selector ES 464, four cables with each 16 takeouts and 64 electrodes. For all the profiles we used the Wenner-Schlumberger array [Pazdirek and Blaha, 1996] which has a relatively good sensitivity to both horizontal and vertical structures. We designed a measuring protocol with a redundancy of shallow data levels. We used an electrode spacing of 2.0 m. The penetration depth is about 13 m with this array and electrode spacing.
[22] The thickness of the weathered zone covering the bedrock is observed to vary between 0 and 10 m. Surprising enough, the shallow unconsolidated layer has a higher resistivity (1000 to 10,000 ohm m) than the deeper bedrock. This is most likely due to the high porosity of the upper layer coupled with particularly dry weather conditions when the measurements were done. On the other hand, the lower than normal resistivity of the bedrock, can be explained by the presence of clay in the sandstone. The bedrock resistivity is also lower in the valley ($100-200 ohm m, line 1 in front of the station) than on the hill ($500 ohm m, lines 2 -4). This regional variation in resistivity can be due to either different clay content in the surface layer, or to more water filled cracks in the bedrock in the valley.
[23] To obtain a more detailed three-dimensional (3-D) model of the unconsolidated layer, 13 seismic refraction profiles were performed in 2005 within a radius of 100 m around the benchmark above the gravimeter. The profiles evidenced a first layer where the P wave velocities average 421 m s Geoelectric tomography results using the Wenner-Schlumberger method, normal inversion. Uniform logarithmic color scale in ohm meters. Profiles were performed along line 1 in the valley along the river and along line 4, above the station (see Figure 3) . Two layers can be distinguished: an upper porous unconsolidated one covering fissured bedrock (low-porosity argillaceous sandstone). These results were confirmed and completed by 13 seismic refraction profiles. The lower resistivity of the bedrock is probably due to the clay content. The higher resistivity in the shallow unconsolidated soil is probably due to high porosity during dry conditions. indicated a third layer (2200 to 5222 m s À1 ) at depths of 6 to 12 m that could indicate the contact between more and less altered bedrock.
[24] The weathered zone consists of a silty soil combined with sandstone blocks and gravels. A granulometric analysis was performed at two sites on the slope above the gravimetry station. At one site the survey found that 53% of the mass consisted of rock fragments greater than 31 mm in diameter and only 27% at the second site. The block content increases with depth, such that hand digging or coring became impossible after 1 m.
Soil Moisture Observations
[25] The variation of the content of water in the soil was measured using soil moisture probes. Calibration equations are provided with the instruments. These equations, however, are valid primarily for nonstony agricultural soils, by taking the dielectric number and volume fractions of the soil components into account [e.g., Jacobsen and Schjonning, 1995] . However, the stone content, the presence of organic matter and clay in the forest soil of Membach can affect strongly the response of the probes, making the equations invalid. We therefore chose to undertake a site-specific in situ calibration of the probes.
[26] We determined the gravimetric soil moisture content by weighing soil samples before and after oven drying. The samples, of about 0.2 dm 3 , were taken at three different depths: from 20 to 30 cm, from 40 to 50 cm and from 60 to 70 cm; all at 10 m away from the probes. To limit the sample size, we did not sample rock fragments larger than 31 mm and assumed their water content to be constant in the analysis, although they may also influence the response of the probes.
[27] To measure the gravimetric water content (GWC, mass of water per unit mass of dry soil), sampling was performed 12 times between February and July 2005. Because of a data acquisition problem, reflectometer data were not available in April, May, end of June and beginning of July. However, the 5 remaining pairs of reflectometer measurements and reference GWC were measured within the range 10 -25% GWC, corresponding to dry and wet periods. The calibrated measurements are shown in Figure 5 .
[28] A linear calibration was derived, providing a relationship between the frequency measured by the soil moisture probes and the GWC. This is a reasonable hypothesis as the bulk density gradient is small in the first top 60 cm. Because of the small number of measurements, no quadratic form was calculated. According to Campbell Scientific TM , the linear calibration is within ±1.25% of the quadratic with underestimation of water content at the wet (>40% of volumetric water content (VWC)) and dry ends (<10% VWC) of the soil moisture range. It overestimates the value by up to about 1.2% VWC at about 20% VWC. This is negligible given the other sources of uncertainties, especially the block content as discussed here above.
Modeling the Gravitational Effect
[29] Using a digital elevation model (DEM) and the thickness of the weathered zone determined by the geophysical investigations, the porous weathered ground layer was discretized in 1600 5 Â 5 m rectangular prisms on a 200 Â 200 m zone above the gravimeter. The gravitational attraction of each prism was calculated according to [Banerjee and Das Gupta, 1977] Gr wet
where G is the gravitational constant, and the triple integral integrates over the volume of the rectangular prism delimited by the x 1 y 1 z 1 and x 2 y 2 z 2 coordinates. The density of the wet component of the weathered surface zone is given by
where V is the total volume of sample, M dry is the dry mass,
is the GWC measured by the recalibrated reflectometers, and
is the bulk density. To determine the bulk density, 12 dm 3 of ground were excavated 10 m away from the soil moisture probes, from 30 to 60 cm under the surface. Bulk density was then calculated as the oven dry soil weight divided by the sample volume.
[30] Assuming that the density of the rock fragments with diameter greater than 31 mm is constant,
where C is the mass percentage of particles smaller than 31 mm in diameter and M wet the mass of the wet soil sample. Then equation (1) becomes Figure 6 . Comparison between the modeled gravitational effect and the observed one for different percentages C of particles smaller than 31 mm in diameter: C = 73%; C = 47% and C as a function of depth (C, Table 1 ). The modeled gravitational effect was calculated using the 12 GWC values determined directly from soil sampling. The standard deviation of the difference [observed -modeled] decreases from 2.59 (C = 73%) to 1.54 (C = 47%) and to 0.91 (C function of depth C(d) = 50-20-10-5-5-5-5, compare Table 1 ).
In this study, the GWC is the average of the four GWC measurements provided by the four probes. This is a reasonable choice given the high heterogeneity of the soil observed in this forested area.
Calibration of the Model: Determining the Block Content
[31] Recall that the seismic investigations indicated that the weathered zone can reach a thickness of 8 m and that the block content, which was highly variable, increases with depth. The mass percentage of particles smaller than 31 mm in diameter, C, was estimated by comparing the modeled and observed gravity values. Because of the uncertainties on the in situ calibration of the probes, we used the 12 GWC values determined from soil sampling. Then the gravity effect was computed by considering C = 73% and C = 47%. In both cases the modeled gravity change overestimated the observed change by 100% and 28%, respectively ( Figure 6 ). As the block content increases with depth d, a more realistic function C(d) must be used.
[32] A seven-layer stratified representation of the soil was considered. The values assigned for C(d) in each layer are given in Table 1 . The first six layers are each 1 m in thickness. The final layer reaches a thickness of 2 m in only a few cases and is in general assigned a thickness of 1 m. Because our model can consider only one layer, for each prism we averaged the values of C in each contributing layers. For example, if the prism is 3 m thick, the assigned value of C = (50% + 20% + 10%)/3 = 26.7%.
[33] The stratified representation of the soil improved the gravity model significantly (Figure 6 ). The standard deviation of the residuals between the observed and predicted gravity changes decreased from 2.59 (C = 73%) when C was considered to be constant to 1.54 (C = 47%) and to 0.91 when C was allowed to vary as a function of depth, as indicated in Table 1 .
Sensitivity of the Gravity to the Block Content and the Bulk Density
[34] Different block contents have been tested. Some of the results are shown in Figure 7 for different values of C(d). The combination 70-40-30-20-15-10-5 and especially 70-50-40-30-15-10-10 overestimate the short-period variations, while also poorly accounting for the seasonal variation. The other combinations provide similar results, but the standard deviation between the observed and modeled data is minimized for the 50-20-10-5-5-5-5 combination. Applying these cases on the complete time series confirms these results (Figure 8 ). The correlation coefficient between modeled (red line in Figure 8 ) and observed gravity changes (black line in Figure 8 ) is 0.9. More seasons will be necessary to discriminate between these models, but these results indicate already that the consideration of a quickly decreasing porosity with depth corroborates with observed gravity measurements. The model prediction depends on the bulk density; however using densities of 1270 or 1570 kg m À3 in place of 1470 kg m À3 induces negligible differences. . More generally, the scatter on the SG data decreases from 13.9 to 6.7 nm s À2 .
Correcting the Gravity Time Series
[36] The model tends to lower the GWC gravity effect when the soil approaches saturation, and to overestimate it . They reported on cumulative rainfalls of about 1.5 mm during a dozen of minutes, which induce observable gravity change. However, typical short-term variations on the SG time series, even in dry conditions, are typically of 5 -10 nm s À2 within a few hours, such that even if applying this admittance improves the SNR, it is difficult to state that every small rainfall systematically induces a directly observable gravity change.
[37] We clearly see a temporal dynamic in the model, which is driven by the desaturation of the soil (i.e., the slow drainage of the soil after a rainfall event is tracked by a slow increase of the modeled gravity) but this specific dynamic is not observed in the actual gravity time series.
[38] An explanation could be that the probes are wrapped with soil, while in the surroundings the water contained in the larger pores between the blocks drains off rapidly.
Discussion
[39] The main simplifications in our model are related to the support volume of the soil moisture probes and the hypothesis on the depth-dependent GWC. Indeed, the GWC measurements as determined by the soil moisture probes are, in the model, considered to be representative of the GWC of all prismatic cells in the area. In practice however, variability as measured by means of local-scale soil sensors may be important and the support volumes insufficient to represent effective GWC of a single prismatic cell. Smallscale variability of soil moisture within the prismatic cell may be due to (1) variable water input, driven by rainfall variability, or variability of plant interception or (2) variable water output, driven by the variability of evapotranspiration and soil water drainage. Important small-scale variability of soil hydrological fluxes have been reported for evapotranspiration and root water uptake by Vanclooster [2002, 2005] , for precipitation and plant interception by Parkin and Codling [1990] ; for drainage by Mallants et al. [1996] . This variability is expected to be even more pronounced in forest soils.
[40] In addition to the small-scale variability of the GWC within the prismatic cells, large-scale variability between Figure 9 . Observed gravity before (blue) and after (black) correction of the modeled effect. Although some short variations are smoothed especially when the GWC is high, the model is especially successful for removing the seasonal variation. Some remaining variations are correlated with the atmospheric pressure (red). the cells may also occur. The 4 ha hydrological catchment supposed to influence the SG measurements within the present model is situated along a hillslope and important larger-scale variability of the topsoil hydrologic attributes is expected to occur. A detailed map of the large-scale variability of the hydrological properties within the considered catchment was not available and could not be further exploited to study the impact of variability on modeling results. In addition to the uncertainty of important variability sources of soil moisture in the horizontal direction, little is known about the depth distribution of soil moisture at the considered site. No measurements greater than 60 cm in depth could be made. Neutron probes could sample larger volumes and provide measurements of the density. Unfortunately, they are difficult to implement, as they must be installed deeper in the ground and require special authorization for using radioelements. This procedure was not feasible at the Membach site.
[41] The remaining observed-modeled gravity residuals are also partly due to improper correction of atmospheric pressure variations. The barometric admittance is the transfer function between gravity and pressure at a single station. This local correction characterizes the gravity signal from the local zone very well (50 km around the gravimeter) [Merriam, 1992] . Except during extreme atmospheric conditions, where the Newtonian effect of vertical air mass redistribution (vertical density variation without surface pressure changes) also plays an essential role [Simon, 2002; Meurers et al., submitted manuscript, 2006] , the precision of this local correction matches the nm s À2 level. The regional zone (50 to 1000 km) has a pressure field which usually correlates with the local pressure but will sometimes induce a gravity signal up to 10 nm s À2 . Seasonal variation of the vertical density within the atmosphere due to warming and cooling can cause uncorrected gravity variations of about 5 -10 nm s À2 [Merriam, 1992; Zerbini et al., 2001] . Finally, there is also the issue of the variation in the seasonal admittance due to variations in the correlation length of the atmosphere, i.e., the spatial correlation is larger in the winter than in the summer [van Dam and Francis, 1998] . A way to improve the correction of the long-period atmospheric pressure effects will be to apply the 3-D model developed by Neumeyer et al. [2004] .
[42] With these caveats in mind, we have demonstrated that the soil moisture probes provide useful information regarding the dynamics of the water charge and discharge processes above the gravity station, allowing us to remove a large part of the seasonal and shorter-period variations observed in the SG time series at the Membach station.
Conclusions and Perspectives
[43] The influence of soil moisture on gravity measurements has been quantified at the Membach station. On the basis of the gravimetric water content measurements and on the spatial discretization of the weathered rock layer in rectangular prisms, the total gravitational effect of the prisms was calculated. The seasonal variations, as well as shorter-period decreases in gravity due to rainfall, were successfully modeled. Because of the absence of a significant aquifer in Membach, we determined that the gravity measurements here are mostly influenced by the saturation rate in the unsaturated surface zone.
[44] This experiment indicates that, while a significant regional water storage signal exists in the SG time series, only detailed geological and geophysical investigations combined with detailed environmental time series, will allow us to model the mass induced gravity changes.
